When insulin is infused into a brachial artery of normal men at a constant rate of 100 uU per minute per kg of body weight, there appears rapidly evidence of increased glucose uptake by forearm muscles and by forearm adipose tissue, a shift from net potassium loss to potassium uptake by muscle, increased K uptake by adipose tissue, and marked decrease in release of free fatty acids (FFA) by forearm adipose tissue (1, 2) . When insulin is infused at the same rate into a brachial artery of patients with active acromegaly, into normal men in whom endogenous growth hormone activity has been increased by a 3-day fast, or into normal men simultaneously with human growth hormone (HGH) in the same syringe, there is evidence of less than the normal response to insulin with respect to glucose uptake by forearm muscles and by forearm adipose tissue (3) (4) (5) (6) (7) . In every instance, however, the response with respect to FFA release was at least as great as that occurring in normal men to whom only insulin was exhibited. Interpretation of the combined effect of HGH and insulin on K uptake is com-* Submitted for publication July 1, 1963 ; accepted January 8, 1964 . These studies were supported by U. S. Public Health Service research grants AM 00750 and AM 05524 and graduate training grant 2A-5232, National Institute of Arthritis and Metabolic Diseases, and by a grant-in-aid from the Muscular Dystrophy Associations of America, Inc.
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A summary of the results of these experiments has been incorporated in a synthesizing review: Roles of insulin and growth hormone, based on studies of forearm metabolism in man. Medicine 1963, 42, 385. t The work was done during the tenure of an Established Investigatorship of the American Heart Association.
plicated by the fact that either agent alone promotes translocation of K into forearm tissues. However, the combined effect of the two hormones on K uptake was not additive and, indeed, was intermediate between the effects of insulin alone and of HGH alone under conditions in which insulin alone translocated more K than did HGH.
It occurred to us that the combination of HGH and insulin might behave toward glucose and K uptake by muscle and adipose tissue and toward FFA release from adipose tissue like a smaller dose of insulin alone. If this were true, the effects of insulin on FFA release and on K uptake could be observed with a concentration of insulin too small to provoke glucose uptake by either muscle or adipose tissue.
Accordingly, to add to our experience of infusing 100 juU per minute per kg body weight intra-arterially, we examined the effects of constant intra-arterial infusion at two smaller rates, 1 uU and 10 MU per minute per kg of body weight. When these infusates are diluted in the brachial artery by blood flowing past the site of injection, concentration of insulin in plasma entering the forearm is elevated by approximately 4 1AU per ml, 40 uU per ml, and, for the largest dose reported previously, 400 ,uU per ml.
Infusion of insulin at the smallest rate produced no effect on forearm metabolism as we are able to estimate it. Infusion of insulin at the medium rate produced effects on ,uU of insulin was injected per minute per kg of body weight, the mean increase in arterial plasma insulin was 38 uU per ml (Table I) . In a similar group of 4 of our subjects (10) under similar conditions (15 hours postprandial, mid-morning, resting), endogenous arterial insulin concentration, measured by radioimmunoassay, was 9 uU per ml (range, 5 to 11.5).
Lack of systemic effect. there were none with infusion of the largest dose, described previously (1, 2).
Plasma flow. That plasma flow be stable during the experiment is important if metabolism is to be assessed accurately; in our experiments the flow was acceptably stable. In 5 subjects, during insulin infusion the greatest variation in flow was 7% from the subject's mean flow. In the remaining 4 subjects, one flow determination differed from the subject's mean flow by more than 20%o.
Mean plasma flow for the 9 subjects was 1.9 ml per minute per 100 ml forearm during the control Tables II and III . Lack of effect of smaller dose of insulin. InArteriovenous differences in the basal state. tra-arterial infusion of 1 MuU of insulin per minute Since the responses of these 9 subjects are to be per kg of body weight produced no change in a-dv compared with those of the group of subjects to or a-sv of glucose, K, or FFA. If this small in-whom ten times this concentration of insulin had crement in insulin concentration has any metabolic been administered, it is important to examine ways Glucose. No matter how the data were analyzed-whether by comparing pooled a-dv (or a-sv) differences for all subjects before insulin to pooled a-dv (or a-sv) differences during insulin infusion, or by examining whether or not the change in a-dv (or a-sv) differences, using each subject as his own control, was different from zero-it was impossible to demonstrate that this dose of insulin affected glucose a-v differences (Figures 1 and 2 ). We could not show that this dose of insulin was associated with translocation of glucose by either forearm muscle or adipose tissue.
Potassium. For tissues drained by dv and for those drained by sv, 10 juU per minute of insulin exerted an effect on K movement (Figure 3) . Maximal change in a-sv difference in response to 10 uU per minute of insulin was about 60% of that in response to 100 MU per minute. We have already noted that K a-dv differences during the control period were less negative than in our earlier experience. This difference in initial conditions complicates comparison of the effect of the two rates of infusion of insulin because the response to insulin at either dose depends on the initial a-v difference ( Figure 4) ; that is, the in which the two sets of experiments may have differed. For this purpose data obtained during the pre-insulin period are compared. Arterio-superficial venous concentration differences in glucose, K, and FFA were similar in the two groups of subjects, so that quantitative comparisons can be made from changes in a-sv differences produced during infusion of the two concentrations of insulin. However, basal a-dv glucose differences were larger, K differences were less negative, and FFA differences were more negative than among normal subjects in whom we have made these measurements previously. There are several possible explanations for this. This is the metabolic pattern to be expected a few hours earlier in the morning than the time when most of our previous observations were made, and it is the concentration profile produced by contamination or drainage of superficial venous blood into the deep vein sampled. Whatever the explanation, this complicates comparison of insulin effect on glucose a-dv and on K a-dv, but it does not vitiate it, as will be indicated at the proper time. Figure 1 have been regrouped to pair subjects' pre-and postinsulin glucose a-v differences. Each rectangle represents mean (+ 1 SEM) of the change in a-v difference in each subject compared to his a-v difference during the 20-minute interval immediately before insulin infusion.
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maximal a-v difference in K reached in response to insulin tends to be the same in all subjects, so that the change in a-v difference is a linear function of initial a-v difference. Over the range at which initial a-v differences were the same in the two groups of subjects, 10 ptU per minute of insulin was two-thirds to three-fourths as effective on K as was 100 uU per minute. When no allowance is made for differences in initial conditions, the smaller dose of insulin produced a change in a-v difference that was one-third as great as that produced by ten times that dose.
Free fatty acids. Infusion of insulin, 10 uU per minute, decreased dv and sv concentrations of FFA until both equaled arterial FFA concentration. This dose of insulin altered a-v FFA differences significantly ( Figure 5 ). The change in a-sv differences was about 60% of that produced by ten times the rate of insulin infusion. The change in a-dv differences was greater than observed previously in the presence of 100 uU per minute of insulin. This result is attributable to the more negative a-dv FFA differences in the current series. If insulin can do no more than obliterate FFA release, and if both rates of infusion of insulin prevented FFA output completely, the change in a-dv differences would be determined solely by the initial a-dv difference, which may have been the case.
The time courses of a-v glucose and FFA differences in 3 subjects in whom insulin was infused for 35 minutes appear in Figure 6 . To demonstrate that this dose of insulin modified glucose uptake is impossible, but FFA release was reduced in all. There was a similar uniform demonstration of K uptake. 
Discussion
When insulin is infused at constant rate into the brachial artery so as to exert no measured systemic effects, it has the following effects on forearm metabolism. When brachial arterial plasma-insulin concentration is raised by about 4 ,uU per ml, there are no effects; when it is raised by about 40 MU per ml, there is decreased release of FFA from forearm adipose tissue, and there is uptake of K by forearm muscle and adipose tissue without evidence of altered translocation of glucose; when it is raised by about 400 juU per ml, there may be further block of FFA release, greater uptake of K by both muscle and adipose tissue, a fifteenfold increase in glucose uptake by muscle, and about a sixfold increase in glucose uptake by adipose tissue (1, 2). These observations are summarized in the dose-response curves ( Figures  7 and 8) .
Actions of insulin on release of FFA and on uptake of K by both forearm muscle and adipose tissue are much more apparent at a low dose than is its action on glucose; insulin probably achieves nearly its maximal effect on FFA and on K movements at small concentrations com- Our observations show that tissues drained by deep veins are about as sensitive to insulin with respect to K uptake as are those forearm tissues drained by superficial veins, and that both sets of tissues are about equally insensitive with respect to glucose uptake. Difference in insulin responsiveness does not appear to lie in the responding tissue, as has been suggested by reports that an inhibitor impedes the action of insulin on excised muscle but not on excised adipose tissue (13) (14) (15) (16) . From measurements of forearm metabolism, the difference in sensitivity resides in the mechanism by which glucose is translocated, whether in muscle or in adipose tissue, compared to the mechanism by which K is translocated, whether in muscle or in adipose tissue.
Because an effect of insulin on glucose uptake cannot be demonstrated under conditions in which an effect on K uptake and on FFA release can easily be demonstrated, it is difficult to avoid the conclusion that actions of insulin on FFA release and on K uptake are independent of translocation of glucose.
On the basis of the different time courses of the effects of insulin, infused at 100 juU per minute, on K and on glucose a-dv differences in the forearm, it was suggested previously that the effect of insulin on K was independent of its effect on glucose (1). This suggestion is supported by observations on excised rat skeletal muscle in which insulin hyperpolarized membranes (17) and decreased K efflux (18) even when glucose was absent from the bathing solution.
We have also suggested, from observations of persistent inhibition of FFA release with diminished effect on glucose uptake by forearm adipose tissue exerted by insulin in the presence of growth hormone (3, 4, 6, 7) , that the effect of insulin on FFA release may be independent of glucose uptake by adipose tissue. We repeat this suggestion, now buttressed by the observation that infusion of insulin at 10 ,uU per minute obliterated completely a-sv FFA difference but failed to alter glucose uptake by forearm adipose tissue within the limits of our ability to resolve the measurement. There is now support for this suggestion in observations by Jungas and Ball (19) and by Mahler, Tarrant, Stafford, and Ashmore (20) made on excised segments of rat epididymal fat pads incubated in the absence of glucose.
The suggestion that the process by which insulin reduces release of FFA from adipose tissue is independent of glucose uptake is at odds with what may be the generally held current view. A re-examination of the basis for the widely accepted view may help place matters in perspective.
Hirsch, Lossow, and Chaikoff (21) may have turned attention to a relation between glucose metabolism and FFA release by their report that glucose enhanced esterification of fatty acids by slices of rat mammary gland. Wertheimer and Shafrir (22) seem to have been the first to enunciate the hypothesis publicly, although it may have been in the wind since it was spelled out almost simultaneously by three other groups during 1960. The hypothesis that Wertheimer and Shafrir proposed but did not support with any data was that glucose is dissimilated in part to aglycerophosphate, that newly synthesized fatty acids and fatty acids newly liberated from triglycerides are esterified or re-esterified by combining with a-glycerophosphate, and that the newly formed triglyceride cannot diffuse out of adipose tissue but remains as added stored fat, whereas, had esterification or re-esterification not taken place, FFA would presumably have passed out of adipose tissue into either the bathing solution or interstitial fluid. "The process of esterification may be entirely dependent on the supply of glucose-derived glycerol and thus extremely sensitive to changes in the breakdown of this substrate" (22) . Raben and Hollenberg (23) may have been first to propose that the mechanism by which insulin reduces release of FFA from adipose tissue was simply that insulin increased glucose uptake and that "the metabolism of carbohydrate may restrict the output of free fatty acids by adipose tissue by promoting esterification and thus limiting the accumulation of free acid within the tissue." The data, however, do not lead inevitably to the hypothesis. The observations were only that there was less titratable fatty acid extracted from rat epididymal fat pads after 3-hour incubation in a medium containing glucose or glucose and insulin than in one free of glucose. When the concentration of glucose in the medium was 100 or 200 mg per 100 ml, there was no effect on FFA disappearance compared to that observed in the absence of glucose. Not until the concentration of glucose in the bath was 400 mg per 100 ml may there have been an effect of glucose alone, but even this is uncertain because this observation rests only on determinations made on fat pads from 3 rats and only the mean values were presented. Insulin alone, in the absence of glucose, had no effect on tissue fatty acid content. Clearly, however, in fat pads (from 2 groups of 3 rats) bathed in glucose, 200 mg per 100 ml, plus insulin (stated only as "10 mU," with no notation of the unit volume), there was less titratable fatty acid than in the absence of glucose and insulin. The sum of these observations, which are difficult to assess because they were distributed among a number of variable experimental conditions each of which was, in general, examined to only a small degree (5 groups of 2 rats each, 3 groups of 2 rats each), seems to be that the combination of glucose and insulin may leave less titratable fatty acid in the system, medium plus tissue, than in the absence of either or both, but this observation alone is subject to explanations other than that proposed by the authors. This report was followed by an independent formulation of the hypothesis in a preliminary communication by Steinberg, Vaughan, and Margolis (24) . Although it was entitled "Control of Fatty Acid Release from Adipose Tissue through Control of the Rate of Triglyceride Synthesis," the experiments were restricted to measurement of C14 in neutral lipids in adipose tissue after incubation of fat pads in a solution containing palmitate-1-C14. Glucose was said to increase, and epinephrine and ACTH to decrease, radioactivity in neutral lipids. Insulin was not studied. The number of observations was small, only 2 or 3 per group, except that there were 6 in the epinephrine group, and data, even if confirmed by further experience, do not point unequivocally to re-esterification.
In the same year, 1960, a more thorough study by Bally, Cahill, Leboeuf, and Renold appeared (25) , also advancing the esterification hypothesis. Although the number of observations was substantial, their interpretation is awkward owing in large part to the method of calculation and to the fact that only radioactivity was determined, and this only at the end of a fixed period of incubation. The experiments consisted of incubation of rat epididymal fat pads in a solution containing palmitate-1-C14 for 3 hours. Radioactivity was determined in CO2 and in various tissue lipid fractions, but the total quantity of mother substance in these fractions was not determined. Although what was measured was radioactivity, all data were "expressed as microequivalents of fatty acid (calculated from the counts per milliliter and the titratable fatty acids per milliliter at the beginning of the incubation) recovered in the tissue lipid fraction or in the evolved CO2 at the end of incubation." This suggests that the counts per minute observed at the end of the experiment was divided by the initial specific activity of the bathing solution. If this is what was done, the results are at best evidence only of incorporation of label in the metabolite measured. They do not distinguish among changes in rates at which reactions proceeded or changes in the sizes of the various pools through which the label was distributed.
What is lacking are data in which changes in pool size and in specific activity of various metabolites are measured as functions of time until either a steady state is reached or, in the absence of this, until the experiment must be terminated for practical reasons.
The substance of the support for the re-esterification hypothesis is, therefore, slim. Although the hypothesis may be plausible and although it may even eventually be demonstrated that dissimilation of glucose results in net esterification of fatty acids, none of the experiments demonstrate that the mechanism whereby insulin exerts its effect (the striking reduction or obliteration of FFA release from adipose tissue) is secondary to enhanced dissimilation of glucose to a-glycerophosphate with consequent trapping of fatty acids within adipose tissue.
The question arises as to whether or not the small, but not statistically significant, change in glucose a-sv difference might be adequate to provide sufficient a-glycerophosphate for re-esterification of intracellular FFA in an amount that would account for the observed decrease in a-sv FFA of 0.14 umole per ml (Table III) There are, however, no data suggesting that glucose is dissimilated in adipose tissue only to a-glycerophosphate. Lynn, MacLeod, and Brown (26) reported that, whether the glucose in the bathing solution was labeled in the 1 or in the 6 position, less than 10% of the glucose uptake appeared in the glycerol fraction of adipose tissue triglyceride, whether there was no insulin or whether there was either of two concentrations of insulin in the bathing solution. Cahill, Leboeuf, and Renold (27) reported related experiments. From their data, obtained when epididymal fat pads were incubated with uniformly labeled glucose without insulin, we can calculate that 44% of the C14 that was recovered (total percentage of recovery was not given) appeared in the glycerol fragments from glycerides. Although they gave no data on the effect of insulin when the medium contained glucose-U-C14, their experience with adipose tissues incubated with insulin and with either glucose-i-C14 or glucose-6-C14 substantiates the observations of Lynn, MacLeod, and Brown (26 Since there is evidence that insulin acts on the membrane of skeletal muscle to produce a rapid change in K flux (18) and to increase the electrical potential difference across the membrane of resting skeletal muscle (17, 28) , it has been proposed that insulin combines with the membrane, changing the fixed charge in the membrane and at the same time warping it to increase its permeability to glucose (29) . From the effects of insulin on forearm metabolism, we suggest that less insulin is required to alter the fixed charge than to increase its permeability to uncharged particles.
Beigelman and Hollander (30) report that cells of excised rat epididymal fat pads are also hyperpolarized by insulin, whether or not glucose is in the bathing solution. This suggests that insulin combines with adipose cell membrane as it has been proposed to do with muscle. If there is to be a unitary hypothesis concerning the mechanism of insulin's action, apparently it must include the combination of insulin with membranes of susceptible cells, and to this end it is appropriate to propose that insulin's blockade of FFA release may prove to be by this mechanism. We are now investigating the kinetics of FFA movement into and out of adipose cells and the effect of insulin on these rates.
Summary
Insulin was given by constant infusion into the brachial artery, and its effect on forearm muscle and adipose tissue was assessed by measuring arterial, deep venous, and superficial venous concentrations of glucose, potassium, and free fatty acids. None of the doses of insulin caused any systemic effects as determined by constant arterial concentrations of glucose, K, and FFA.
Infusion of insulin at a rate of 1 MuU per minute per kg body weight had no effect.
Insulin infused at 10 MAU per kg per minqte (enough to raise brachial arterial plasma insulin concentration by an average of 38 ttU per ml) markedly increased K uptake by forearm tissues drained by either deep or superficial vein and sharply reduced FFA release from adipose tissue. This dose could not be shown to have any effect on glucose uptake by any tissue drained by the forearm veins sampled.
We conclude that insulin's actions on K uptake and on FFA release do not require that insulin translocate glucose, and we propose that these actions of insulin may be explained on the basis of interaction between insulin and the cell membrane.
